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Abstract 
IN 600 alloy was coated with two different types of coatings, Cr-modified aluminide coating this is called aluminizing-chromizing 
and Y-doped chromium modified aluminide coating this is called aluminizing-chromizing-yttriumizing. Diffusion coating was carried at 
1 050 ℃ for 8 h under Ar atmosphere by simultaneous aluminizing-chromizing process and by simultaneous aluminizing-chromizing- 
yttriumizing. Cyclic oxidation tests were conducted on the uncoated and on the coated Inconel 600 alloy in the temperature range 800-  
1 000 ℃ in CO2 for 100 h at 10 h cycle.The results showed that the oxidation kinetics for uncoated Inconel 600 alloy in CO2 is parabolic 
and the phases present are NiO, (Fe, Cr)2O3 , NiFe2O4 and NiCrO4. The oxidation kinetics for both coated systems in CO2 was found to 
be parabolic and the value of kP for both coated systems were found to be lower than that for uncoated Inconel 600 alloy. Oxide phases 
that formed on coated systems are Al2O3 and NiCrO4. The role of yttrium can be attributed to its ability to improve the adherence of the 
oxide scale.  
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1 Introduction* 
The aluminide diffusion coating technique is 
being used world-wide for the formation of protec-
tive aluminide coatings on nickel-base superalloy 
components. The formation of these aluminide 
coatings is carried out using either a low-activity or 
high-activity pack cementation[1,2]. Different routes 
have been proposed to modify aluminide coatings[3]: 
(a) Deposition of a metallic layer, such as Pt, on the 
superalloy prior to pack cementation, with either 
chrome aluminide or as aluminide composition, (b) 
Chromizing followed by aluminizing. Si, Ta and 
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rare earth elements have also been used as additives. 
Single step codeposition process would be cheaper, 
easier, and better than a two-step process[2]. Simul-
taneous codeposition of Al and Cr is generally not 
possible because of the considerable difference in 
the stabilities of volatile halides of Al and Cr[2]. It 
was reported that low activity packs for “chromo- 
aluminizing” (85Cr-15Al) into IN 100 alloy samples 
did not result in codeposition possibly because the 
metal composition was not prealloyed[4]. 
The oxidation behavior of coatings with an ex-
ternal β-NiAl layer using both low and high activity 
coatings exhibit excellent oxidation resistance[4,5]. 
However, after about 100 h of exposure at 1 200 , ℃
the oxidation resistance drops considerably. This is 
because of the selective depletion of Al from the 
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coating, by the repetitive formation and spalling of 
protective Al2O3 scales and / or interdiffusion. The 
addition of small amount of reactive element [Y, Ce, 
La, Hf, Zr, Th] to an alloy resulted in substantial 
improvements in the adherence of their oxide scales 
during thermal cycling[6]. It was found that Cr/RE- 
modified aluminide coatings improved the adher-
ence of protective Al2O3 scales on Rene 80 and IN 
713 LC alloys[7]. High temperature corrosion of 
nickel-base alloys in carbonaceous gases can occur 
by internal carbide formation at carbon activity less 
than one at temperature greater than 800  or by ℃
metal dusting, a disintegration of alloy into graphite 
and metal particles observed at carbon activity ~ 1 
and in a lower temperature range[8]. 
 The purpose of this work is to deposit chro-
mium and aluminum simultaneously on the surface 
of Inconel 600 alloy using a single step pack ce-
mentation process by a conversion reaction of Cr2O3 
to chloride. The cyclic oxidation behavior of un-
coated and coated Inconel 600 alloy will be studied 
in the temperature range 800-1 000  in CO℃ 2. 
2 Experimental Procedure 
 The substrate alloy used in this study was In-
conel 600 alloy (nickel-base superalloy). The nomi-
nal composition of the Inconel 600 alloy is shown in 
Table 1. 
Table 1  Nominal composition of Inconel 600 alloy 
Ni Cr Cu Fe Mn Si S P C 
72.0 15.5 0.5 8.0 1.0 0.5 0.015 0.015 0.065
Min.  Max.  Max. Max. Max. Max.  
The Inconel 600 alloy samples were cut into 
squares with dimensions (20 mm×20 mm×4 mm) 
with 2 mm diameter hole in each sample for holding. 
All the surfaces, including the edges were wet 
ground using silicon carbide papers, cleaned with 
water, degreased with acetone and then ultrasoni-
cally cleaned with acetone. After drying, the sam-
ples dimensions and weight were measured.  
The pack mixture used for chromium-modified 
aluminide diffusion coating consist of 10 wt.% Al 
powder (50-150 μm) as an aluminum source, 
10wt.% Cr2O3 powder (38-170 μm) as chromium 
source, 2 wt.% NH4Cl and 4 wt.% NaCl as activa-
tors and the balance was α-alumina powder (70-  
210 μm) as the inert filler. While yttrium doped 
chromium-modified aluminide diffusion coating 
pack mixture used is the same as in chromium 
modified aluminide diffusion coating pack except 
2wt.% of the pack alumina filler was replaced with 
Y2O3 as reactive element oxide. 
 Inconel 600 alloy sample was placed in a 
sealed stainless steel cylindrical retort of 50 mm in a 
diameter and of 80 mm in a height in contact with 
the pack mixture. The retort was then put in another 
outer stainless steel cylindrical retort with a side 
tube through which argon gas pass and second hole 
in the top cover for argon gas outlet. Type-K ther-
mocouple was inserted through the cover of the 
outer retort for the temperature measurements.  
Pack Cementation process was carried at 1 050 ℃ 
for 8 h under an Ar atmosphere. After coating, the 
samples were ultrasonically cleaned, and weighed.  
It was found that diffusion coating time of eight 
hours at 1 050 ℃ gives a coating thickness of 65-  
80 μm. 
 Inconel 600 alloy with and without Cr-modi-
fied aluminide diffusion coating, and with Y-doped 
chromium-modified aluminide diffusion coating 
samples were placed into ceramic crucibles. Cyclic 
oxidation tests were carried out in the temperature 
range 700-1 100 ℃ in CO2. Each heating cycle in-
cludes heating in the furnace for 10 hours and cool-
ing in still air. 
3 Results and Discussion  
3.1 Cyclic oxidation of uncoated Inconel 600 
The results of cyclic oxidation experiments 
conducted at 800-1 000 ℃ for 100 h at 10 h cycle 
are presented in terms of specific weight change as 
a function of time, as in Fig.1. The fluctuation in the 
specific weight curves is ascribed to cracking of the 
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scale followed by a rapid rehealing. The best fit to 
the equation ( p/ nW A k tΔ = ) was calculated and the 
values of n and pk  are shown in Table 2. From the 
 
Fig.1  Specific weight change vs. time plot for uncoated 
Inconel 600 cyclic oxidized in CO2 atmosphere be-
tween 800 and 1 000 ℃ for 100 h at 10 h cycle. 
Table 2  n values and parabolic oxidation rate constants 
kP for cyclic oxidation of uncoated Inconel 600 
in CO2 gas for 100 h at 10 h cycle 
Temperature/℃ n values kP/(10-7mg2·cm-4·s-1) 
800 0.46 1.04 
900 0.51 6.30 
1000 0.55 8.91 
plot of lgkP vs. 1/T in the temperature range from 
800 to 1 000 , the e℃ ffective energy was calculated 
to be ~ 124 kJ/mol. This is in agreement with the 
value of activation energy for the parabolic growth 
of Cr2O3 in 100-170 kJ/mol on Ni-20Cr[9]. 
In the CO2 oxidizing atmosphere, the carbona-
ceous gas, i.e. CO2, enters the scale and migrates 
down microcracks towards the alloy/scale interface. 
The CO/CO2 system penetrates the protective Cr2O3 
scale and carbon dissolves in the alloy eventually 
forming discrete chromium carbides precipitates. 
When the carbides eventually oxidize it is no longer 
possible to from a complete layer of Cr2O3 and 
non-protective scale results. Ni-Cr and Fe-Ni-Cr 
alloys oxidize in CO-rich atmospheres, the chro-
mium will be removed from general solution, 
breakdown of a Cr2O3 protective layer, and forma-
tion of nickel oxide at such suitable sites[10]. 
The scales formed on uncoated Inconel 600 al-
loy oxidized in CO2 are duplex and consist of many 
phases and carbides, which are attributed to the 
presence of two oxidants (O/C). The most stable 
phase is Cr2O3 (referred the actual reactivity), the 
thermodynamic reason lies in the fact that Cr2O3, 
has a lower equilibrium partial pressure of oxygen 
than that of nickel and iron oxides. While, carbide 
of M7C3 phase is the only second phase and almost 
completely consists of Cr7C3. 
Unfortunately, in this work, XRD analysis 
could not detect clearly the existence of such prob-
able phases (i.e. carbides) in the outer layer, this 
may be due to insufficient amount of these phases to 
identify. The oxide phases present are NiO, (Cr, 
Fe)2O3, NiFe2O4 and NiCrO4. 
In CO2 environment, carburization leads to 
embrittlement cracking and loss of oxidation resis-
tance[11]. The breakdown of protective scale in 
mixed oxidants was clearly seen at high tempera-
tures (900 and 1 000 ℃), chromium oxide may be 
converted to unprotective carbides and large voids 
or holes are obtained. A large fraction of the scale 
was detached from the metal by interfacial voids, 
the remaining contact areas must be subjected to 
considerable stress concentration. The presence of 
these voids seems to be the consequence of Cr (or / 
and Fe) oxidation mechanism as they can be found 
in the Cr depletion area in the alloy. Voids formation 
at the alloy/scale interface act as a diffusion barriers 
leading to crack formation and spalling of the sur-
face scale[12]. 
Figs.2(a), (b) illustrate top view appearance of 
uncoated Inconel 600 alloy oxidized in CO2 atmos-
phere at 900 ℃ and 1 000 ℃ respectively, with the 
same other conditions indicated above. 
 
(a) 
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(b) 
Fig.2  LOM top view images of oxide growth on uncoated 
Inconel 600 alloy after cyclic oxidation in CO2 at (a) 
900 ℃ and (b) 1 000 ℃, for 100 h at 10 h cycle. 
3.2 Oxidation of coated systems in CO2  
The specific weight change measurements vs. 
time for Inconel 600 with yttrium-doped chromium 
modified aluminide coating cyclic oxidized at 900- 
1 000 ℃ in CO2 atmosphere is shown in Fig.3. 
 
Fig.3  Specific weight change vs. time plot for Y-doped Cr- 
modified aluminide diffusion coating on Inconel 600 
during cyclic oxidation in CO2 ( 800-1 000 ℃), for  
100 h at 10 h cycle. 
The addition of yttrium could delay the begin-
ning of spallation by promoting the formation of 
adherent protective α-Al2O3 scale, and showed re-
markably low specific weight change along the oxi-
dation test[13]. The addition of yttrium may have 
contributed to protective scale formation by pro-
moting a fine grain size in the coated layer that in-
creased the diffusion of Cr to the alloy/scale inter-
face[14]. From Table 3, the pk  values for both coated 
systems obtained at 900-1 000 ℃ are lower than 
that for the uncoated Inconel 600 under same condi-
tions, see Table 2. 
During cyclic heating and cooling, mismatch 
strains are generated between the scale layer and the 
Table 3  n values and parabolic oxidation rate constants 
kP for cyclic oxidation of coated systems in CO2 
gas for 100 h at 10 h cycle 
Inconel 600 w/Al Cr Inconel 600 w/AlCrY Tem-
perature/
℃ n kP/ 
(10-7mg2·cm-4·s-1) 
n 
kP/ 
(10-7mg2·cm-4·s-1)
800 0.48 1.83 0.45 1.05 
900 0.53 4.99 0.51 3.94 
1 000 0.55 6.8 0.53 6.24 
coating due to the difference in their coefficients of 
thermal expansion. These strains contribute to 
spalling of the scale layer during cyclic oxidation 
which is reflected in the weight-change values. 
Continuous weight gain during the oxidation test for 
both types of coated systems even at higher tem-
peratures (Fig.3) indicates that the thermal shock 
created by heating and cooling was not severe 
enough to cause any major scale spalling. The scale 
layer surviving for 100 h at 1 000 ℃ indicates that 
the mismatch strains are not high enough to over-
come the scale adherence in any significant way. It 
is over this period that alumina constitutes the scale 
layer. Beyond this duration, however, at some point, 
does not defined its location, the lack of adequate 
aluminum in the coating prevents the continuous 
generation of the alumina layer. Instead, the less 
protective spinel begins to form which is possibly 
not as adherent as alumina. XRD analysis of both 
coated systems of Inconel 600 after cyclic oxidation 
under CO2 atmosphere showed that the major oxides 
are Al2O3 and NiCrO4. The scale growth over In-
conel 600 with Cr-modified aluminide diffusion 
coating showed spalled areas are larger at 1 000 ℃ 
than in 900 ℃. The integrity of the scale of Cr- 
modified aluminide diffusion coating systems gen-
erally was kept along test duration as shown in 
Fig.4(a), (b). Few voids that are eventually formed 
beneath the scale do not act as such effective 
sources of loss of scale adhesion. 
For yttrium-doped chromium modified alu-
minide coating, the coating was also characterized 
by a pore rich zone beneath the oxidation zone, and 
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a pore-free zone in the coating next to the substrate 
as shown in Figs.5(a),(b). This suggests[15] that 
pore-free zone was formed as a result of a healing 
process which observed after 100 h during oxidation. 
The pores in the coating not only increase the ex-
posed surface area but also act as stress enhancers in 
the presence of stresses. Pores are healed by a rapid 
atom flux to the pores, and vacancy flux from the 
pores to vacancy sinks such as grain boundaries, 
interfaces and free surface. 
 
 
Fig.4  Cross section images of LOM of Cr-modified alu-
minide diffusion coating on Inconel 600 during 
cyclic oxidation in CO2 at (a) 900 ℃ and (b) 1 000 
℃ for 100 h at 10 h cycle. 
 
 
Fig.5  Cross section images of LOM of yttrium-doped 
chromium modified aluminide diffusion coated In-
conel 600 substrates after cyclic oxidation under 
CO2 atmosphere at (a) 900  and (b) 1℃  000 ℃ for 
100 h at 10 h cycle. 
4 Conclusions  
Uncoated Inconel 600 alloy exhibited parabolic 
oxidation rate dependence in CO2 gas over the tem-
peratures 800-1 000 ℃ during cyclic oxidation. The 
parabolic rate constant ( pk ) varies from pk = 1.04× 
10-7 mg2·cm-4·s-1 at 800 ℃ to pk = 8.91×10-7 mg2· 
cm-4·s-1 at 1 000 ℃. The phases formed on the un-
coated Inconel 600 alloy surface are: NiO, (Cr, 
Fe)2O3, NiFe2O4 and NiCrO4. The activation energy 
is ~ 125 kJ/mol. Both coated systems (Cr-modified 
aluminide and Y-doped chromium modified alu-
minide) revealed good cyclic oxidation resistance 
compared with uncoated Inconel 600 alloy and the 
values of kP obtained for both coated systems are 
nearly lower than that for uncoated Inconel 600 al-
loy under same conditions. 
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